STIC-ILL 



From: 

Sent: 

To: 

Subject: 



Romeo, David 

Monday, September 06, 1999 2:15 PM 
STIC-ILL 

08/981,559 Galanos C; Jiao B H; Komuro T; Freudenberg M A; Luderitz O 



Borrower ' s Name 
Org or A.U. 

Phone 
Serial Number 
Date of Request 
Date Needed by 



David Romeo 

1646, Mailbox, lOElS 

305-4050 

08/981, 559 

06 September 99 

09 SEP 99 



PLEASE COPY REFERENCE 



AU 
TI 



SO 



AN 



Galanos C; Jiao B H; Komuro T; Freudenberg M A; Luderitz O 
Large-scale fractionation of S-form lipopolysaccharide from 

Salmonella'*'*"^ abortus equi . Chemical and serological characterization 
of the fractions , 

JOURNAL OF CHROMATOGRAPHY, (1988 May 25) 440 397-404. 
Journal code: HQF. ISSN: 0021-9673. 
88299084 MEDLINE 



2b) 440 397-404^ 



1 



J«inia/«/C*ro»ia/<igr«*«*>'. 440 (1988) 397-^ 
Ebevier Scwice I^ibBshen B.V.. Ainster^ 



CHROM. 20 252 



LARGE^CALE FRACTIONATION OF S-FORM LIPOPOLYSACCHARIDE 
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SUMMARY 



The S-fonn Upopolysaecharide of Salmonella abortus apd was sq>arated by a 
newly elaborated extraction method with organic solvents into three fractions of 
different chain length of the O-polysaccharide they contained. Hie three fnicUona 
were designated long-chain (20-50 repeating units), short-chain (0-6) and R-fracdon 
(no repeating units) according to their migration pattern in polyacrylamide gel elec- 
trophoresis in the presence of sodium dodecylsulphate. The nature of the fracttons 
as long- and short-chain and as R-fracUon was confirmed by chemical analysis. The 
concentration of O-spccific sugars was highest in the long-chain fraction, where tteir 
molar ratio to glucosamine was ca. 25:1. In the shon-chain fraction the ratio of O- 
sugars to glucosamine was 2.5:1, and in the R-fraction O-specific sugars were absent. 
The serological properties of the three fractions were in good agreement with their 
chemical composition. 



INTRODUCTION 



Lipopolysaccharide (LPS) represents an essential constituent of tiie outer mem- 
brane of the gram-negative bacterial cell. It functions as the main heat-sttbk anugen, 
the O^intigcn, and is at the same time the endotoxin of these bacteria' *. As such, 
LPS is an important factor in pathogenicity, being responsible for many pathophy- 
siological effects occurring in gram-negative infection. LPS areoonstnicled according 
to a common general principle'. They consist of a polysaccharide re^on containing 
the O-spedfic chain and the core, and a lipid, the scxalled lipid A. The 
built up of repeating units of oUgosaocharides. In contrast to LPS from wiM-^ 5- 
(smooUi) form bacteria, LPS from mutiint (LPS^Ietective) R- (rough) form badena 
lack the O^hain, thus containing only core, or fragments of it, and bpid A. Smce 

* PetmaiKntaddntK Second MifiUiyMedkalUaivenity.S^^ 
•* Ftnnaneat addfesc NatkNial inslitiile orHyvene Sckaoa. Oaka 540. Uffm. 
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lipid A represents the biologically active centre of LPS, defective R-form LPS also 
represent highly active endotoxins^. 

LPS derived from S-form bacteria exhibit a high degree of heterogeneity, which 
is caused by the presence of molecules with different length of O-chains, Le, with 
different numbers of repeating units*"*, which may range from zero (R-form LPS) to 
SO. This heterogeneity becomes evident when LPS are analysed by polyacrylamide 
gel electrophoresis (PAGE), in the presence of sodium dodecylsulphate (SDS). In this 
way S-form preparations are resolved into numerous bands widi a ladder-like pat- 
tern. 

The migration distances of the various bands are inversely related to their 
molecular masses and reflect the number of repeating units present in the O-chain of 
the different fractions. All LPS analysed so far by SDS-PAGE have been found to 
contain R-form material, and therefore the biological behaviour of S-fonn prepa- 
rations as studied so far represents mainly the combined effect of both LPS classes. 

S- and R-form LPS are known to exhibit differences in their biological behav- 
iour even though their toxic activities are very similar. One such difference is con- 
cerned with their organ distribution in vivo. Thus whereas the hepatic uptake of S- 
form LPS from the blood is effected exclusively by sinusoidal (Kupffer) cells, that of 
the R-fonn is effected both by Kupffer cells and hepatocytes, i.e, in contrast to S- 
form, R-fonn LPS has direct access to hepatocytes'. Another important difference 
exists in the inter^nction of S- and R-form LPS with high density lipoprotein in vivo, 
the result of which is that large amounts of S-fonn LPS accumulate in the adrenal 
glands whereas only insignificant amounts of R-form LPS are found in this organ*®. 
S- and R-form LPS also show large differences in their ability to induce chemilu- 
minescence in granulocytes", R-form LPS being vcy potent whereas S-form LPS 
are virtually inactive. Finally, S- and R-forms show distinct qualitative difference: in 
their interactions with the complement system*^. 

It seemed important therefore to resolve S-form LPS into fractions of S-form 
and R-form LPS. This would enable chemical and biological studies on genuine S- 
form LPS and on the R-form LPS synthesized by S-form bacteria. This paper reports 
the separation of S-form LPS from Salmonelia abortus equi into frat ^ jns containing 
long-chain, short-chain, and R-form (no chain) LPS, The chemical compositions and 
serological properties of the three fractions are investigated and compared with those 
of the starting LPS. 

EXPERIMENTAL 

Lipopolysaccharides 

LPS of 5. abortus equi was isolated by the phenol-water methi>d and subse- 
quently purified by the phcnol-H:hloroform-light petroleum (b.p. 40-60'Q procedure, 
and by ultracentrifugation". Finally the LPS was electrodialysed and converted into 
its triethylamine salt form*^. 

Sugar and fatty acid analysis 

Neutral sugars were measured as their alditol acetate derivatives by gas-liquid 
chromatography (GLQ (Varian 1400), after hydrolysis of LPS in 0.1 M hydrochloric 
add at lOO'C for 48 h»*. Xylose was used as internal standard. Fatty acids were 
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measured as methyl esters by GLC^^ in a Varian gas-liquid chromatograph (Model 
3700) equipped with a fiame ionization detector connected to a Hewlett-Packard 
integrator (Model 3380). 3-Hydroxydodecanoic and heptadecanoic acids were used 
as internal standards. 

Colorimetric methods 

Total phosphorus and glucosamine were measured according to refs. 16 and 
17, respectively. 2-Keto-3-deoxy-D-manno-octonate (KDO) was determined by the 
thiobarbituric acid method as modified by Karkhanis et aL^K Abequose was esti- 
mated by the method of Cynkin and AshwelP'. 

Sodium dodecylsulphate-polyacrylamide gel electrophoresis 

SDS-PAGE analysis of LPS and fractionated materials was performed in a 
discontinuous buffer system with a S% stacking and a separating gel, according to 
Laenmili''. Gel size and thickness were 20 x 20 x 0.15 cm. A 2-/ig preparation in 
5 /d was loaded in each well. The current was 15 mA for stacking, and 20 mA for 
separating; LPS was detected by silver staining". 

Serological assay 

The antigenic properties of the three fractions obtained from 5. abort's "7*"' 
LPS were investigated by the passive haemolysis and passive haemolysis-inhibition 
test as described previously The three fractions were tested in relation to their 
ability to interact with anti-5. abortus equi O-antibodies and with antibodies to the 
various R classes (Ra-Re). The antisera used were raised in rabbits inununized with 
the corresponding heat-killed bacteria as described previously^**. 

RESULTS 

Fractionation of the lipopolysaccharide 

The LPS was suspended in solvent A (chloroform-methanol-0.2 M hydro- 
chloric acid, 138:127:41.5 v/v; 40 ml/g LPS) and stirred at 4'C for 15 min. After 
centrifugation (600 g, 10 min) a lower phase containing short-chain and R-fiaction, 
and a small upper phase containing insoluble long-chain fraction were obtained. The 
two phases were sqiarated, neutralized with triethylamine and evaporated. The solid 
materials were redissolvcd in water, electrodialysed, and freeze-dried. 

The crude long-chain fraction was purified by repeated extraction with solvent 
A (two or three times). 

The crude short-chain fraction, which contained R-LPS, was further fraction- 
ated by extraction with solvent B [chloroform-methanol-light petrolcum-8 M hy- 
drochloric acid, 12.5:4:4.5:0.2 (v/v)]. After centrifugation as above, the lower phase 
was enriched in R-LPS, the upper in short-chain LPS. Both fractions were isolated 
and then subjected to extraction with solvent C [chloroform-methanol-li^t 
petroleum-8 M hydiOciiloric acid, 10:4:2.5:0.25 (v/v)]. The procedure fcMr isolation 
of the fractions was as above. In this way, pure R-fraction and short-diain fraction 
(still contaminated with R-LPS) were obtained. 

The three fractions were designated long*«hain (yield 30% based on the origi- 
nal LPS), short-chain (50%), and R-fraction (10%). 
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12 3 4 

Fig. 1. SDS-PAGE uf original S. abortus equi Upopolysaodiaride and the fractions. I « Original LPS; 
2 = short-chain fraction; 3 = R-fraction; 4 = long-chain fraction. 

SDS-PAGE analysis 

The electrophoretic pattern of thr /ractioiis in SDS-PAGE is shown in Fig. 1. 
Long-chain LPS consisted of molecules with 20-SO repeating units in the O-polysac- 
charide part. This value is obtained assuming that each successive band slower than 
the R-form band denotes an additional repeating unit in die molecule. It was free of 
medium-chain-length material and of R-form LPS. The short-chain fraction con- 
tained R-LPS and LPS with I--6 repeating units. The R-fraction was devoid of O- 
polysaccharide. 

Chemicai analysis 

The results of chemical analysis are shown in Table L Sugar analysis revealed 
the presence of O-specific sugars in the long- and short-chain fractions and their 
absence in the R-fraction. Abequose, mannose and rhamnose are present in a molar 
ratio of ca. 1:1:1. The average molar ratio of each to glucosamine is 8.3:1 in the 
long-chain and 0.8:1 in the short-chain fraction. Shioe these sugars are present ex- 
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clusively in the O-polysaocharide, an average number of ca. 25 and 2.S repeating 
units per molecule of long- and short-chain preparation, respectively, could be esti- 
mated, assuming three glucosamine residues (two m lipid A and 1 in the core) to be 
present per molecule of LPS. 

All three fractions contained glucosamine, heptose and KDO in a molar ratio 
more or less similar to that in which they are present in the starting S. abortus eqm 
LPS. Also the fatty acid content of the fractions is in good correspondence to the 
high or low amounts of sugars they contam. The long-chain fraction contained the 
lowest proportion of total fatty adds (O.IS /imol/mg) compared with the starting 
LPS (0.41 /miol/mg). In the short-chain fraction the concentration of fatty adds was 
higher than in llie starting LPS (0.92 ;ffliol/mg), and highest amounts of fatty acids 
were present in the R-fraction (1.% /miol/mg). 

Antigenic specificity 

The serological characterization of the three fractions revealed that their an- 
tigenic spectfidty is in good agreement with their chemical composition. In the passive 
haemolysis and passive haemolysis inhibition test, the long-chain fraction reacted 
strongly with or inhibited anti-S. abortus eqm O-antibodies. It showed, however, no 
cross-reaction with antibodies to any of the R classes (Ra to Rc). 

The short-chain fraction (also containing R-LPS) showed a strong cross-re- 
action with anti-O-antibodies and also with antibodies to Ra and Rb, but no reaction 
with antibodies to Rc to Re. 

In contrast, the R-fraction was completely devoid of O-antigenidty. It exhib- 
ited a strong reaction with anti-Rb and a weaker reaction with anti-Ra antiserum, 
but no reaction with anti-Rc, -Rd and -Re. 

DISCUSSION 

Fractionation of the S-form LPS ii^bs based on the fact that the length of the 
O-chains determines the degree of lipophilidty of the molecules. Hence, the solvent 
mixtures that were used for sequential extraction consisted of oiganic solvents and 
increasing amounts of hydrochloric add. These mixtures were monophasic, but smaU 
amounts of water or solutes caused separation into a lower organic phase, which 
contained preferentially the hydrophobic short-chain and R-LPS, and a hydrophilic 
upper phase with the long<faain LPS. 

The success of the fractionation procedure was examined by SDS-PAGE. The 
only homogeneous fraction in this test seemed to be the R-LPS (yield 10% of original 
LPS), which was represented by one band. The short-chain fraction (50%) repre- 
sented a mixture of R-LPS and LPS containing 1 -6 repeating units. The number of 
repeating units is calculated from the numeric position of the band and by assuming 
that the molecular mass of bands dower than R-form material increases successively 
by one repeating unit. The long-chain fraction (30%), which is also heterogeneous, 
is devoid of R-LPS and consists of molecules containing between 20 and 50 repeating 
units. 

The results of chemical analysis confirm the nature of the three fractions as 
being rou^ and as containing long and short O-polysaccharidc chains, respectively 
(Table n). Thus the R-fraction was devoid of mannose, rhamnose and abequose 
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TABLE II 

RELATIVE MOLAR RATIOS IN THE LIPOPOLYSACCHARIDE AND THE SUBFRACTIC . iS OF 
O-SPECIFIC SUGARS AND KDO 

Values based on 1 mol gl'icosamine. O-specific sugars are mannose, rfaamnose, abequose, and part of 
galactose. 



Fraction 


O'Sugan 


KDO 


Long-chain fraction 


34 


0.5 


Short-chain fraction 


3 


0.5 


R-fraction 


0 


0.5 


Original lipopolysaocharide 


11 


0.4 



which, together with galactose constitute the specific sugars of the S, abortus equi 
O-antigen. The small amount oi galactose found here (6.5%) was to be expected 
since this sugar is a constituent of the core-oligosaocharide of Salmonella LPS. The 
short- and long-chain fractions contained large amounts of O-specific sugars, the 
latter in a significantly higher concentration. All three fractions contained the ex- 
pected core and lipid A constituents, glucose, galactose, heptose, KDO, glucosamine, 
phosphorus and fatty acids. Their proportions were highest in the R-fraction and 
lowest in the long-chain fraction. 

The antigenic properties of the three fractions are in complete agreement with 
their chemical composition. O-antigenic reactivity was present only in the long- and 
short-chain fractions and was absent from the R-fraction. R-antigcnic reactivity was 
expressed by the R-fraction and the short-chain fraction (which contains R-LPS), 
but not by the long-chain fraction. This indicates that the core-region in the long- 
chain LPS is not accessible to R antibodies. It seems therefore that cross-reactions 
reported frequently to occur between anti-R antibodies and S-form LPS or bacteria 
are due to variable amounts of R-form (and possibly short-chain LPS) present in S 
preparations or on the surface of the bacterial cells. 

The biological properties of subfractions of S-form LPS are under study. It 
has been shown already t*^ at the activity of S-form LPS to induce granulocyte chem- 
iluminescence is a property of the R-form LPS it contains, and that the long-chain 
fraction is completely devoid of this activity^ ^ 
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The Upopdysaccharidc (LPS) of Chlamydia psittaci was extracted from yolk sac-grown etementary bodies, 
puri6ed, and characterized chemically, inununochemicaily, and biologically. The LPS contained d- 
galactosamine, D-gtucosaminc, phosphorus, long-chain fatty adds, and 3-deoxy-D-inafiii0-2-octuloMHiic add in 
the molar ratio of approximately 1:2:2:6:5. The antigenic properties of the isolated LPS were compared with 
those of the LPS fhmi C/U^yifia iracAomolKf and 

hemolysto hihibition tests, absorption, hydrolysis khietics, and Western blot analysb with rabbit polydonal 
antisera against chlamydUM and vrith a mouse monoclonal antibody recognlzhig a genus-spedflc epitope of 
chlamydial LPS. Two antigenic determinants were Identified, one of whfch was chfaucydia specific and the other 
of which was cross-reactive with Re LPS. Both deternrinants were destroyed i^iiring add hydroiysb, whereby 
a third antigen specificity was exposed which was Indistinguishable firom the lipid A antigenicity. In rabbit 
polyclonal antisera prepared against Formalin-killed elementary bodies or detergent-solubilizcd membranes, 
two antibody specificities were differentiated. One of these was chlamydia specific, and the other was 
croas-reactiTe with Re LPS. The LPS of C. psittaci was hiactive withfai typical endotoxfai parameters (lethal 
toxkity, pyrogenkity, UxaH Shwartzman reactivity); it was, however, active In some hi vitro assays, such as 
those testfaig for mouse B-cell mitogenicity and the indudktn of prostaglandhi E2 in mouse peritoneal 
macrophages. 



Chlamydiae are pathogenic, obligatory intracellular para- 
sites causing a variety of diseases in animals and humans (22, 
35, 37). Chlamydiae have a unique developmental cycle 
which includes metabolically active, noninfectious, and mul- 
tiplying reticulate bodies and metabolically inactive but 
infectious elementary bodies (35). Surface components of 
these unique bacteria have been assumed to participate in 
the early stages of infection (adhesion and penetration) and 
may be responsible for the inhibition of phagosome- 
lysosome fusion, which is characteristic of chlamydial infec- 
tion (10, 17). 

These surface components of chlamydiae also represent 
antigens among which genus-, species-, and subspecies- 
specific antigens have been found, giving rise to the induc- 
tion of specific antibodies during infection. Although there is 
c nsiderable knowledge of the serological and biological 
properties of these antigens (3, 9, 11-16, 27, 29-31, 36), iittie 
is known of the chemistry of these structures. One of the 
m^jor antigens is a heat-stable, genus-specific glycolipid 
antigen which has been proposed to be similar to the 
lipopolysaccharide (LPS) of gram-negative bacteria (9, 11, 
15, 16). Recently, we have definitely shown by chemical 
means that the glycolipid of Chlamydia trachomatis 
serotyc^; L2 is in fact a typical LPS (30), since it contains 
characteristic structural elements such as D-glucosamine, 
3-deoxy-D-ma/i/ta-2-octulosonic acid (KDO), and 3-hydroxy 
long-chain fatty acids, components which have been de- 
tected in all LPS investigated so far (32, 33). Further 
evidence for the similarity between chlamydial and entero- 
bacterial LPS was btained from serol gical investigations 
showing a cross-reacti n of chlamydial with enterobacterial 
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LPS of the Re chemotypc (9, 11. 29, 31) and with LPS from 
Acinetobacter calcoaceticus (3, 31). 

Recently, Caldwell and Hitchcock have reported on a 
monoclonal antibody which recognizes a genus-specific 
epitope on the chlamydial LPS which does not react with Re 
LPS in Western blot analysis (11). Thus, the chlamydial LPS 
expresses at least two antigenic determinants, one of which 
is Chlamydia specific and the other of which is similar to the 
Re antigenic determinant. We have confirmed these resuhs 
with polyclonal antisera against chlamydial and Re-type LPS 
in a passive hemolysis assay and, moreover, have demon- 
strated by absorption experiments the presence of two 
antibody specificities in polyclonal antisera against chlamyd- 
iae (9). One of these antibodies reacted with both chlamydial 
and Re LPS; the other was Chlamydia specific. In addition, 
we have shown that chlamydial LPS contains the lipid A 
antigenic determinant which, as in other bacteria, is cryptic 
in LPS and exposed only after acid hydrolysis. 

The present study was performed with the aim to further 
define these antigenic determinants on a molecular level in 
chemical terms and to gain insight into the structure and the 
biological functions of chlamydial LPS. We now report on 
the chemical composition and the biological (endotoxic) and 
immunochemical properties of the LPS of Chlamydia psit- 
taci, one of two species of the genus Chlamydia, 

MATERL^LS AND METHODS 

Bacteria and bacterial LPS. C. psittaci PK 5082, associated 
with enzootic abortion in ewes, was propagated in cmbryon- 
ated eggs as previously described (34). Infected yolk sacs 
from 600 eggs were suspended in 1 M potassium chloride 
(20%, vol/v I) and inactivated with 0.5% Formalin, followed 
by high-speed centrifugation (20,000 x ^ for 40 min). The 
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FIG. 1. SDS-PAGE pattern of LPS from C. psittaci (lanes 1), C. 
trachomatis (lanes 2), and S. minnesota Re (lanes 3). Gels were 
stained with alkaline silver nitrate (A; or after Western blot transfer, 
with rabbit polyclonal antiserum against S. minnesota Re (B), 
polyclonal antiserum (absorbed with Re LPS-OH) against chlamyd- 
iae (C), or monoclonal antibody L2I-6 against a genus-specific 
epitope of chlamydial LPS (D). 



sediment was suspended in 500 ml of phosphate-buffered 
saline and digested with trypsin at YTC for 1 h with stirring. 
After the addition of isotonic saline (800 ml), the suspension 
was extracted with an excess of ethyl ether in a separating 
funnel. The aqueous phase was centrifuged as before, and 
the sediment was suspended in distilled water, dialyzed 
against distilled water, and lyophilized. The yield of pudfied 
elementary bodies was 640 mg. LPS was extracted by the 
phenol-chloroform-petroleum ether method (20) as modified 
recently (30). The LPS was purified by repeated ultracen- 
trifugation and converted to the uniform triethylammor-um 
salt after electrodialysis (18). LPS from C. trachomatis 
serotype L2 (30), Salmonella abortusequi (21), Salmoneila 
minnesota R595 (Re chemotype) (26), A. calcoaceticus 
NCTC 10305 London (4), and bisphosphorylated lipid A 
from Escherichia coli F515 Re chemotype (7) has been 
previously described. De-O-acylated LPS (LPS-OH) was 
prepared with sodium methylate (0.5 M, 37X for 16 h), 
precipitated and washed with ethanol, and dissolved in water 
(40). 

Chemical analysis. Hexosamines were identified by the 
Morsan-Elson reaction (38) and by an amino acid analyzer. 
Phosphorus and KZX) levels were determined by the meth- 
ods of Lowry et al. (25) and Brade et al. (6), respectively. 
KDO was also determined by combined gas-liquid chroma- 
tography-mass spectrometry (GLC-MS) of the carbonyl- 
reduced and permethylated derivative in comparison with 
authentic KDO (2). Fatty acids were identified by their 
methyl esters by GLC-MS after release from LPS by acid 
hydrolysis (4 M HCl at lOO^C for 6 h, foUowed by 2 M 
hydrochloride-methanol at 85'*C for 8 h) as previously de- 
scribed (40). For quantitative estimations, 3-hydroxytetra- 
decanoic acid and heptadecanoic acid were used as internal 
standards (both fatty acids were shown not to be present in 
the LPS). 

Antibodies. Monoclonal antibody against the chlamydia- 
specific epitope was kindly provided by H. D. Caldwell 
(Rocky Mountain Laboratory, Hamilton, Mont.); it recog- 
nizes a genus-specific epitope on chlamydial LPS and is 
designated L2I-6 (11). Polyclonal antisera against chlamyd- 
iae were prepared in rabbits as follows. New 2^aland White 
rabbits were ii^ected intravenously with Formalin-killed C. 
psittaci elementary bodies (50, 100, 100, and 200 ^g) on days 
0, 4, 7, and 11, respectively, imd were bled on day 16. For 
immunization with C. trachomatis , cell walls (kindly pro- 
vided by M. Nurminen, National Public Health Institute, 
Helsinki, Finland), were solubilized with detergent and 
suspended in phosphate-buffered saline, and 5, 10, 10, and 20 



M« were iiyected by the same inununization protocol as 
before. Polyclonal antisera against Re LPS and lipid A were 
prepared as ah^y reported (7, 26). The described hemo- 
lytic system of normal mouse serum and Acinetobacter LPS 
was used t determine the common LPS determinant which 
is present in all rpS containing KDO. excem those of the 
Re-type (5). This determinant binds to 28-kilodalton normal 
mouse serum protein, followed by the activ^n of comple- 
ment (4). Antisera were absorbed with sheep erythrocytes 
(SRBC) and stored at -20^. 

Serological methods. Antibodies were determined in mi- 
croliter plates by the passive hemolysis test (7-9) with 
guinea pig complement, pretested f<H- the absence of chla- 
mydial antibodies and absorbed with SRBC. Inhibition stud- 
ies, absorption experiments, and hydnriysis kinetics were 
performed as previously reported (9). 

SDS-PAGE. Sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) ci LPS was carried out by the 
method of Laemmli (24) with a 16% gel. Gels were stained 
with silver nitrate (39) and, after Western blot transfer, with 
antiserum and monoclonal antibody. Briefly, gels were 
transferred electrophoretically to nitrocellulose (1), incu- 
bated with blocking buffer followed by incubation with 
mouse monoclonal antibody or with rabbit polyclonal anti- 
serum. The former reacted with goat anti-mouse immuoo- 
<):*obulih G-mouse peroxidase-anti-peroxidase complex, and 
the latter reacted with peroxidase-labeled goat anti-rabbit 
immunoglobulin M with 3,3'-diamin<^nzidine or 4-chlora- 
1-naphthol and H2O2 as substrates. 

Blologicai assays. Tests were performed to determine 
lethal toxicity in D-galactosamine-sensitized C57BL/6 mice, 
pyrogenicity in chinchilla rabbits, local Shwartzman reactiv- 
ity in New Zealand White rabbits, induction of prostaglandin 
E2 (PGE2) in mouse (NMRI) peritoneal macrophages, B-cell 
mitogenicity in spleen cells of C3H/Tif and C3H^cJ mice, 
and anticomplementary activity in vitro as reported previ- 
ously (19). 



RESULTS 

Extraction and purificatioD of C. psittaci LPS. The LPS of 
C. psittaci was extracted from purified yolk sac-grown 
elementary bodies by a modified phenol-chlorofonn- 
petroleum ether method with a yield of 1.8% (dry weight). 
The LPS was purified by repeated ultracentrifugation and 
converted to uniform triethylammonium salt after electro- 
dialysis. After SDS-PAGE followed by staining with alkaline 
silver nitrate, one main band was visualized which migrated 
slightly slower than C. trachomatis LPS, which in turn 
migrated slower than S. minnesota Re LPS (Fig. lA). The 
absence of nucleic acid was confirmed by UV spectroscopy 
and by sugar analysis (absence of ribose). The absence of 
phospholipids was ascertained by the lack of unsaturated 



TABLE 1. Chemical composition of the LPS from C, psittaci 





Amt present 




Compound 




iig/mg 


nmol/mg 


Glucosamine 


513 


92 


Galactosaminc 


257 


46 


Phosphate 


578 


55 


Fatty acids 


1,507 


443 


KDO 


1,190 


283 
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fatty acids, namely hcxa- and cctadecen ic acid. The protein 
content was calculated by amino acid analysis to be bel w 

Chonlcal analysis. Chemical analysis revealed the pres- 
ence of gaiactosamine, glucosamine, phosphate, fatty acids, 
and KDO in the molar ratio cf apprcximately 1:2:2:6:5 
(Table 1). The identity of KDO was ascertained by GLC-MS 

f the carbonyl-reduced and permcthylated derivatives. The 
sample under investigation exhibited the same retention time 
by GLC and superimposable mass spectra after electron 
impact and chemical ionization mass spectrometry com- 
pared with simOarly derivatized authentic KDO (2). The 
quantitative determination of KDO by the thiobarbituric acid 
assay yielded 1,190 nmol LPS per mg, corresponding to 
28,3%. When the thiobarbiturate assay was performed with- 

ut hydrolysis before periodate oxidation, 520 nmol/mg was 
found, indicating that approximately one half of the total 
KDO was substituted at position 4 or 5 or both (6). With 
different hydrolysis conditions for the liberation of KDO 
from LPS (6), the same values were obtained after hydroly- 
sis in either acetate buffer or 0.1 M hydrochloric acid, 
indicating that the aforementioned substituent was present in 
a very acid-labile linkage. 

Fatty acids were detected and identified by combined 
GLC-MS of the methyl esters (1,507 nmol per mg of LPS), 
whereby straight-chain and branched and nonhydroxylated 
and 3-hydroxylated fatty acids were found (Table 2). The 
latter exhibited an unusual length of the hydrocarbon chain, 
with 18 to 22 carbon atoms. In sodium methylate-treated 
LPS (with ester-linked fatty acids removed), only 3-hydroxy 
fatty acids were detected. 

Inmuuiodiemkal properties. The immunogenicity of chla- 
mydial LPS was investigated with rabbits with solubiltzed 
membranes of C. trachomatis elementary bodies and For- 
malin-killed elementary bodies of C. psittacL The animals 
(eight for each inmiunogen) were shown to have no preim- 
munization titers against either chlamydial or Re LPS. A 
short-term immunization protocol (four intravenous iiyec- 
ti ns at 4-day intervals) resulted in high hemolytic antibody 
titers against both chlamydial and Re LPS. Chlamydial 
antibody titers, however, were about 10-fold higher than 
those measured against Re LPS and reached values of up to 
40,000 (individual titers are not listed; representative results 
are included in Tables 3 and 4). 

SRBC were sensitized with various amounts of LPS-OH 
of C. trachomatis, C. psittaci, and 5. minnesota Re and used 

TABLE 2. Fatty acid composition of the LPS from C. psittaci 



Amt present 

Fatty acid 

nmol/mg ^g/mg 



C|4A 


74 


17 


C|5:0b|- 


106 


26 


Cifco br 


81 


21 


Ci6:0 


254 


64 


CiM br 


95 


27 


Cn:0 


113 


32 


C„K,(3-0H) 


Trace* 


Trace 


Cifto br 


120 


36 




95 


29 


C»o(3-OH) 


309 


101 


C»o(3-OH) br 


37 


12 


Cj^dUiH) br 


223 


76 


C22^3-OH) br 


Trace 


Trace 



* br. Branched. 

* <10 nmol/ms. 



TABLE 3. Reactivity of anti-C. trachomatis^ anti-C. psittaci, 
and anti-Re antisera with SRBC coated with chlamydial 
or Re LPS-OH 



Sensitizing antigen Hemolytic titer with antiserum against: 



C. trachomatis C. psittaci S. minnesota Re 



iracnomaiis 
















4 








Q 

o 


S AJt\ 




160 


40 








80 


20,480 


20,480 


1.280 


200 


20,480 


20.480 


1.280 


C. psittaci LPS-OH 








4 


1,280 


10.240 


320 


8 


10,240 


40,960 


640 


40 


10.240 


40.960 


1.280 


80 


10.240 


40,960 


1,280 


200 


10,240 


40.960 


1,280 


S. minnesota Re 








LPS-OH 








4 


80 


80 


40 


8 


160 


160 


160 


40 


1,280 


1.280 


1.280 


80 


2,560 


2.560 


2.560 


200 


2,560 


2,560 


2,560 



in the passive hemolysis assay with homologous and heter- 
ologous antisera. The results shown in Table 3 are represen- 
tative for all antisera used. With only 4 (ig of LPS-OH per 
0.2 hif packed SRBC, a sigiiificant sensitization was 
observed; however, 40 to 80 ^g was required for an optimal 
sensitization, as indicated by a plateau value of the antibody 
titers. For further experiments, 80 ^ of LPS-OH per 0.2 nol 
of SRBC was used. 

The antisera were absorbed with LPS-OH of 5. mirtrtesota 
Re and tested against the homologous and heterologous 
antigens (Table 4). In antisera against C. psittaci and C. 
trachomatis, the titer against Re LPS-OH was eliminated 
whereas the titer against the LPS of both chlamydial species 
was not reduced by absorption. Absorption of the Re anti- 
serum with the homologous antigen completely eliminated 



TABLE 4. Hemolytic activity of anti-C. trachomatis, 
anti-C. psittaci, and anti-Re antisera before and after absorption 
with Re LPS-OH-coated SRBC 



Anttsenim before 
and after Absorption 




ci a^ainit SRSC costcu with 
LPS-OH of: 


C. trachomatis 


C. psittaci 


S. minnesota Re 


C. trachomatis 








Before 


20,480 


20,480 


1.280 


After 


20,480 


20,480 


<20 


C. psittaci 








Before 


10.240 


40,960 


1,280 


After* 


10,240 


40,960 


<20 


5. minnesota Re 








Before 


2.560 


2,560 


2,560 


After 


<20 


<20 


<20 



* SRBC were sensitized with SO m of the respective LPSOH per 0.2 ml of 
picked cells; 0.5 ml of diluted (1:5) antiseniin was absorbed with 50 id of 
SRBC sensitized with 5. minnesota Re LP&OH. 

* Same antiserum as the ofK indicated in Fig. IC. 
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TABLE 5. Passive hemolysis inhibition test of chlamydial and Re 
LPS-OH in homologous and heterologous antigen-antibody 
systems 





Inhibition value (ng) obfuocd in the indicated 






hemolytic system' 


Inhibitor LPS-OH 


C. irachomaiis- 


C. psiiiut i- S. minnciota Re- 




anti- 


aoti- anti- 




C. trachomatis 


C. psittaci S. minnesota Re 


C, trachomatis 


1 


32 32 


C. psittaci 


16 


1 63 


S. minnesota Re 


>1,000 


>1.000 16 



' In the antigen-antibody systems, the respective LPS-OH and 3 hemolytic 
U of homologous antiserum were used. Values indicate amount inhibiting 50% 
of lysis. 



the hemolytic activity against the homologous (Re) and the 
heterologous (chlamydial) LPS antigens. 

The chlamydial and Re LPS were further characterized by 
inhibition experiments with the homologous antigen- 
antibody hemolytic systems of C. trachomatis, C. psittaci, 
and S. minnesota Re (Table 5). For C. trachomatis and C. 
psittaci, 1 ng of LPS inhibited their respective homologous 
systems; for the Rc system, 32 and 63 ng, respectively, were 
inhibitory. The Re LPS inhibited only the homologous 
antigen-antibody system, yielding a 50% inhibition value of 
16 ng, and did not inhibit either chlamydial system in 
amounts of up to 1 ^g. 

The behavior of different antigenic specificities of the 
chlamydial LPS after acid hydrolysis wp"" nfionitored kineti- 
cally. In ai^dition to the aforementioned test systems, lipid 
A-anti-lipid A was used to detect the lipid A antigenic 
determinant (Fig. 2). The Chlamydia- and Re-specific deter- 
minants were destroyed during hydrolysis in both chlamyd- 
ial hPS. ar. indicated by a drastic decrease of the inhibitory 
capacity of the respective antigen-antibody system. After 60 
min of hydrolysis, neither LPS inhibited the Re and chla- 
mydial antisera any longer. The specificity of the hemolytic 
system for lipid A antigenicity was not inhibited by inUct 
LPS (time zero in Fig. 2). Lipid A antigenicity was, how- 
ever, exposed during hydrolysis and reached a maximum 
after 15 (C. psittaci) and 30 (C. trachomatis) min, with 
inhibition values of 63 and 16 ng, respectively. Neither the 
intact LPS nor the hydrolyzed samples inhibited the reaction 
of normal mouse serum with Acinetobacter LPS, which is 
specific for a common determinant containing KDO and 
neutral sugar (8) and recognized by a protein of normal 
mouse scrum (5). 

The LPS were also charactenzed by buS-f AGE. foiiowcu 
by staining with silver nitrate (Fig. 1 A) or, after Western blot 
transfer, with antisera (Fig. IB and C) or monoclonal anti- 
body (Fig. ID). The LPS of C. psittaci (lane 1), C. tracho- 
matis (lane 2), and 5. minnesota Re (lane 3) each exhibited 
one mtyor band with a slightly different migration pattern 
with the Re LPS moving faster than the LPS of both 
chlamydial preparations and the C. trachomatis LPS migrat- 
ing faster than the C. psittaci LPS. Both chlamydial LPS 
stained with monoclonal antibody L2I-6 (Fig. ID) and with 
polyclonal anti-Re antiserum (Fig. IB). They were also 
visualized with polyclonal antiserum against C. psittaci 
which had been abs rbed with Rc LPS-OH (Fig. IC). The Re 
LPS was not detected by the monoclonal antibody against 
chlamydial LPS (Fig. ID, lane 3) but stained as expected 
with polyclonal Re antiserum (Fig. IB, lane 3). The Re- 
abs rbcd antiserum against C. psittaci yielded a faint stain- 



ing f the R LPS (Fig. IC, lane 3), indicating that the 
adsorption had not been quantitative. 

Biologkal activitfeg. The LPS of C. psittaci was t sted in a 
number of in vivo and in vitro assays for end toxic and other 
bi logical activities for comparison with a wcll-characteiized 
and standardized endotoxin from 5. abortusequi (21). The 
chlamydial LPS was not pyrogenic for rabbits (5 »ig/kg), was 
not toxic for galactosaminc-sensitized mice (10 i&g per 
mouse), and did not induce a local ShwartZE^ian-reactkm at 
50 (ig each for the intradermal preparative and the intrave- 
nous challenge doses. The same held true for ammals which 
were prepared intradermally by tlie LPS of 5. abortiatqui 
and which were challenged intravenously with C. psUtaci 
LPS and vice versa with the same dosage as before. The 
chlamydial LPS also failed to activate guinea pig comple- 
ment in amounts of up to 50 The LPS was, however, 
active in in vitro assays for mouse B-cell mitogenicity and 
PGE2 induction in mouse peritoneal macrophages. The mi- 
togenic activity of C. psittaci LPS for responsive (C3H/TiO 
and nonresponsive mice (C3H/HeJ) is illustrated in Fig. 3. 
The LPS induced a typical dose-dependent response in the 
splenocytes of responder mice, witfi a maximum of 10 ^g. 
The curve was comparable to the ones reported for the LPS 
of 5. abortusequi (21) and the synthetic Escherichia coli lipid 
A (19). Although nonr ;sponder mice gave a lower response 
(closed circles in Fig. 3), the uptake erf thymidine was 
significantly elevated over background values. The induction 
of PGE2 in mouse peritoneal macrophages is shown in Table 
6. The LPS of C. psittaci yielded values comparable to those 
of the standard endotoxin. 



DISCUSSION 

The LPS of C. psittaci was extracted from yolk sac-grown 
elementary bodies purified and characterized chemically, 
immunochcmically, and biologically. The results were com- 
pared with those published recently for the LPS of C. 
trachomatis (9, 30). 

The yield of C. psittaci LPS was 1.8% (dry weight) f 
elementary bodies, which is comparable to that reported for 
C. trachomatis LPS (30). Chemical analysis revealed the 
presence of D-glucosamine, KDO, 3-hydroxy long chain 




0 15 30 ~60 120 0 15 30 60 

litm of hydrolysis (mm} 



FIG. 2. Hydrolysis kinetics of LPS from C. trachomatis (A) and 
C. psiaaci (B) in acetate buffer (0.1 M (pH 4.4] at lOCTC). Samples 
were tested by the passive hemolysis inhibition test with the 
antigen-antibody systems of Rc LPS-OH^ti-Re (O), C. psittaci 
LPS-OH-anti-C. psittaci (■), and lipid A-OH-^nti-lipid A (•). 
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fatty acids, and phosphate, constituents which are typical for 
ail LPS investigated so far (32. 33) and which have been also 
detected in C. trachomatis (30). In addition, D-galactos- 
amine was identified as a second hex samine, which had not 
been found in C. trachomatis. Further investigations will 
answer the question of whether this amino sugar is a species- 
r a strain-specific component of C. psittaci. Another chem- 
ical difference between the LPS of C. nsittaci and C. 
trachomatis is the amount of KDO present. Whereas 28% of 
the former was made up of this common LPS component, 
20% was estimated for the tatter (30). As found with C. 
trachomatis LPS, the fatty acid pattern of C. psittaci was 
characterized by unusual 3-hydroxy fatty acids with 18 to 22 
carbon atoms and by a number of nonhydroxylated fatty 
acids among which iso- and anteiso-branched fatty acids 
were found. (In a previous paper, 3-hydroxy C2i:o branched 
fatty acid was erroneously reported as €20:0 [30].) All con- 
stituents analyzed accounted for 92% of gross weight, indi- 
cating that the results were representative for the sample 
under investigation. Major contaminations of the LPS with 
protein, nucleic acids, or phospholipids were excluded, and 
relative homogeneity in size was shown by SDS-PAGE, 
followed by silver staining. It should be noted, however, that 
this does not exclude microheterogenetty, which can be 
expected from the acylation pattern and which is known for 
all LPS (28). During SDS-PAGE. it was also seen that the 
LPS of C. trachomatis migrated slightly faster than that of C. 
psittaci, indicating a higher molecular weight of the latter. 
Both chlamydial LPS were larger than the Re LPS of 
minnesota. 

The immunogenic and antigenic properties of C. psittaci 
LPS were investigated by inrimunizing rabbits with either 
F rmalin-killed C. psittaci elementary bodies or detergr-t- 
solubilized C. trachomatis membranes. With a simple, short- 
term immunization protocol (leading to the production of 
immunoglobulin M-rich immune sera), all animals were 
f und to respond with high antibody titers to the im- 
munogen. These antisera were characterized by the passive 
hemolysis and passive hemolysis inhibition assays, absorp- 
ti n experiments, hydrolysis kinetics, and Western blot 
analysis with isolated chlamydial LPS of both species as an 
antigen. A monoclonal antibody against a genus-specific 



20 




0 KT' 10-2 10- ' 10' 102 

Mllogtn (MB) 

FIG. 3. Mitogenicuy of C. rxittaci LPS for spleen c-ills from 
C3HyTif(0)andC3HmcJ( ). 



TABLE 6. Release of PGE2 from mouse peritoneal macrophages 
upon stimulation with LPS from C. psittaci and S. abortusequi 


LPS 


Amt (|jtg) 


PGE2 (ng) 


of LPS 


released 


None (control) 


0 


2.1 


C. psittaci 


1 


33.8 




10 


37.2 


S. abortusequi 


1 


24.8 




10 


27.4 



epitope of chlamydial LPS (11) and the Re-specific antigen- 
antibody system were included in these experiments. Poly- 
clonal antisera raised against C. trachomatis or C. psittaci 
were found to contain at least two different antibody speci- 
ficities; one of these antibodies reacted with both chlamydial 
and Re-type LPS and the other was chlamydia specific. This 
was shown by absorption, whereby the former could be 
absorbed with Re LPS, which did not affect the latter. After 
absorption with Re LPS, the anti-chlamydiae antisera exhib- 
ited the same specificity as that of the monoclonal antibody 
in Western blot analysis. 

llie LPS of C. psittaci was found to contain at least two 
different antigenic determinants. This wa*". proven in inhibi- 
tion studies with monospecific antigen-antibody systems. 
One of these determinants was shared by chlamydial and 
Re-type LPS, yielding comparable inhibition values in the 
R?-specific system, whereas the second determinant inhib- 
ited only the chlamydial antigen-antibody reaction. For both 
C. psittaci and C. trachomatis 1 ng of LPS inhibited their 
perspective homologous systems whereas signficantly higher 
inhibition values (16 and 32 ng, respectively) were found in 
the heterologous reaction (Table S). We tentatively propose 
that C. psittaci possesses, in addition to the genus-specific 
epitope, a second, species-specific determinant located in 
the carbohydrate moiety of LPS. A chemical substrate for 
this antigenic determinant could be seen in the presence of 
D-galactosamine in the LPS of C. psittaci. 

Hydrolysis kinetics performed on both LPS showed that 
the antigen specificities mentioned above were destroyed 
during hydrolysis; however, exposure was observed of the 
lipid A antigenic determinant which was indistinguishable 
firom the specificity of bisphosphcr^'iated lipid A (7). In that 
respect, the chlamydial LPS behaved like all other LPS 
investigated; lipid A antigenicity and immunogenicity were 
cryptic in LPS and exposed after acid hydrolysis. 

Finally, the biological activities of C. psittaci LPS were 
investigated in vivo and in vitro. The LPS was not active by 
classical endotoxin parameters, e,g,, lethal toxicity, pyro- 
genicity, or local Shwartzman reactivity (21); it was, how- 
ever, active in some in vitro assays, such as mitogenic 
stimulation of mouse B cells and the activation of peritoneal 
macrophages to produce PGE2. The low endotoxic activity 
of this LPS cannot be explained on a molecular basis, since 
the amounts required for a structural analysis of the lipid A 
component (which represents the endotoxic principle of LPS 
[19]) are not available. The activity level may be anributed to 
the unusual acylation pattern, which certainly enhances the 
hydrophobicity of this LPS. It can be imagined that the low 
end toxic activity is a result of the ev lutionary adaptation 
of chlamydiae t intracellular persistence in host cells (35). 
In this respect, it is stressed that despite the lack f DNA 
horn logy between the tw chlamydial species (23), their 
LPS have been conserved in a similar way. 
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In summary, this study shows that chlamydial LPS exhib- 
its properties which are shared by other LPS, as well as 
th se pr perties unique t these obligat ry intracellular 
pathogens. 
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